where a(t) is the acceleration of the resonator enforced by the external force; _ and r1 are coefficients of viscosity.
The state equation is specified by that of an ideal gas p=po(P/po) y,
where P0 and P0 are the ambient pressure and density respectively. The no-penetration boundary conditions at the two ends require that the velocity vanish at x=O and I.
Following
Ilinksii et aL:, expressing the variables in finite Fourier series in time, the equations (1) and (2) can be reduced to a system of Ordinary Differential Equations (ODEs) for the Fourier coefficients of the velocity potential (p, defined as tt = Vq) : 
fk
-
The no-slip boundary conditions at the two ends are translated to the Fourier space: _)k = 0 at x=O,l. 
II. NUMERICAL METHODS
In this section, we describe the procedures for finding the optimal shape parameters so that the desired standing waveform can be obtained.
To simplify our discussion, we introduce the following dimensionless variables Now, we briefly describe the method for finding the optimal resonator shape.
In the optimization process, we fix the values of the acceleration amplitude A = 5 x 10 4, the gas specific heat ratio 7=1.2 and the viscosity-related parameter G 0.01. Suppose the resonator shape R(X) is determined by a number of shape parameters, So, S1, .... Sn For example, a cone is given by
The compression ratio of a resonator Rc, defined at the ratio of maximum pressure to the minimum pressure at the narrow end of the resonator Rc(So,Sl,...,Sn) = P ......... atX:0, 
III. RESULTS

A. Characteristics of the standin_ waves
Before we present our results on finding the optimal resonator's shape, we illustrate some of the important properties of the pressure wave in a non-cylindrical resonator, whose shape is described by that of a horncone: = IS0 cosh(S1X),0 _<X _<S 2
where & =0.028333,S 1=5.7264,S 2=0.25,a =& cosh(S1S2), and/3 =SoS 1 sinh(S1S 2). The shape parameters for the homcone are obtained from those used in the experiments by Lawrenson et al. 1
In Fig. 2 shows that the variation in pressure at the wide end of the horncone is much milder than that of the narrow end, oscillating within 23% above or below the value of the reference pressure P0
In Fig. 3 When the frequency is raised to the value of 1.3862 by small increments, the compression ratio reaches the value of 5.343, which is about 6% higher than that for the first optimal conical resonator.
In the current optimization, the slope of the cone is restricted to be less than 0.268 and we require that the radius at the small end be larger than 0.01. The NASA/TM--2003-212019 twooptimal conical resonators areshown inFig.5.The second cone ( Fig. 5(b) ) has thesmaller narrow end and smaller slope than thefirstone( Fig. 5(a) ).
C. Optimal horn-cone shapes
Horn-cone geometry is described by Fig. 6(a) ), flae second optimal horncone (shown in Fig. 6(b) ) improved the ratio by more than 30% at the same value of acceleration. Shown in Fig. 6(c 
D. Optimal ½-cosine shape
We define a 1/2-cosine shape as R(x) = s0 + sl (1-cos( X), for 0 _< X _<1.
The parameters of the resulting optimal cosine shape are 3'o=0.016307, S1=0.093041, shown in Fig. 7(b) , compared with S0=0.025, S1=0.095, the 1/2-cosine dimensions reported in Chun and Kim) For the optimal shape, we obtain the compression ratio Rc =10.67 at the frequency f2=1.5683, which is about 11% better than that of Chun and Kim 3 at the same level of acceleration.
Under the specified conditions, we found that horncone shape is better than the cosine shape in generating higher compression ratio at the narrow end, which is opposite to the findings of Chun and Kim) Shown in Fig. 7(c) , the pressure waveform of the optimal 1/2-cosine design is smoother than that of Chun and Kim)
E. The effect of the central blockage
In this section, we discuss the influence of the central blockage on the pressure waveforms in a resonator of fixed shape. In this work, we limit ourselves to cylindrical central blockage, though our equations derived in Sec. I apply to arbitrary axisymmetric shape of central blockage. Figure 8 shows the pressure waves at the narrow end of a conical resonator described by Eq. (8) with So=0.032945 and S1=0.26800 for different central blockage radius sizes: Ro = 0, 0.01 and 0.02. These pressure profiles were obtained at the fixed frequency f2 = 1.3132 and for _] = 5 × 10 4, G = 0.01, 7 = 1.2.
The central blockage in this case was a simple cylinder.
It appears that the presence of a central blockage reduces the amplitude of the pressure wave. However, Fig. 9 shows the resonant frequency of the conical resonator with a central blockage is shifted. Keeping other parameters constant, the pressure waveforms for the conical resonator with the cylindrical blockage of radius R0=0.02, at different oscillating frequencies f2 = 1.2812, 1.3068 and 1.3291, are shown in Fig. 9 .
Comparing to the pressure wave shown in Fig. 8 
IV. CONCLUSION
We have performed local optimization schemes for finding the resonator shapes that maximize the pressure compression ratio at one end of the resonators. The dimensions for several types of optimal resonators are reported: cone, homcone and 1/2-cosine shapes. For each type, we found there are many different designs that achieve local extrema.
Trying with different initial guesses for the optimal design, we show that one can NASA/TM--2003-212019 get asmuch as30% improvement onthecompression ratiowithafixedlevel ofacceleration. Fortheshapes weconsidered, it appears that thehorncone shape generates thehighest compression ratio. Strategies for searching globally optimal shapes are under investigation.
The effect ofincluding acylindrical central blockage in aresonator isstudied inthisworkaswell. Foraconical resonator, it seems that theresonance frequency is increased when acentral blockage ispresent and the compression ratioatresonance isnotsignificantly affected. Press, New York, 1981) .
r=r (x) The rest of the parameters corresponding to the plot are given by _] = 5 × 10 4, G = 0.01, _ = 1.2. 
